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CARBIDE COATED FIBERS I N  GRAPHITE-ALUMINUM COMPOSITES 
PROGRESS  REPORT NO. 2 

February 1 - July 31, 1974 

By Richard 3. Imprescia,  Leonard S. Levinson,  Robert D. Reiswig 
Terry C.  Wallace,  and  Joel M. Williams 

Los Alamos S c i e n t i f i c   L a b o r a t o r y  

SUMMARY 

Chemical  vapor  deposit ion (CVD) has   been   used   to   un i formly   depos i t   th in ,  
smooth,   continuous  coats  of Tic on t h e   f i b e r s   o f   g r a p h i t e   t o w s .  Wet chemical 
coa t ing   of   f ibers ,   fo l lowed by high-temperature   t reatment ,   has   a lso  been  used,  
but  shows l i t t l e  promise as an  a l ternat ive  coat ing  method.   Strength  measure-  
ments on CVD coa ted   f iber   tows  showed tha t   t h in   ca rb ide   coa t s   can  add t o   f i b e r  
s t r e n g t h .  

The a b i l i t y   o f  aluminum a l l o y s   t o  w e t  Tic w a s  successful ly   demonstrated 
us ing   T ic -coa ted   g raph i t e   su r f aces .   P re s su re - in f i l t r a t ion   o f  Tic- and  ZrC-coated 
f i b e r  tows with aluminum a l l o y s  w a s  o n l y   p a r t i a l l y   s u c c e s s f u l .  

Experiments were performed t o   e v a l u a t e   t h e   e f f e c t i v e n e s s   o f   c a r b i d e   c o a t s  
on  carbon as ba r r i e r s   t o   p reven t   r eac t ion   be tween  aluminum al loys  and  carbon.  
I n i t i a l   r e s u l t s   i n d i c a t e   t h a t   c o m p o s i t e s   o f  alumlnum  and carbide-coated  graphi te  
are s table  for   long   per iods   o f  t ime.at  tempera tures   near   the   a l loy   so l idus .  

INTRODUCTION 

Th i s   r epor t   desc r ibes  the second  part   of a NASA-supported program a t  t h e  
Los Alamos Sc ien t i f i c   Labora to ry  (LASL) to  develop  carbon  fiber-aluminum  matrix 
composites. The LASL approach t o  t h i s  problem  has   been  to   use  protect ive-  
coupl ing   layers  of r e f r a c t o r y  metal carb ides  on t h e   g r a p h i t e   f i b e r s   p r i o r   t o   t h e i r  
incorporat ion  into  the  composi tes . '  Such l a y e r s   a r e   d i r e c t l y   w e t t a b l e  by l i q u i d  
aluminum  and should act as d i f f u s i o n   b a r r i e r s   t o   i n h i b i c   t h e   f o r m a t i o n   o f  aluminum 
carb ide  (A14C3). The s p e c i f i c   o b j e c t i v e s   o f   t h e  work are the   fo l lowing:  

e es tab l i sh   the   depos i t ion   parameters   for   p roducing   th in ,   un i form  coa ts  
of   z i rconium  carbide (ZrC) and   t i t an ium  carb ide   (Tic)   on   carbon,   charac-  
t e r i z e   t h e   c o a t  morphology,  and  determine  the  extent of damage t o   ' t h e  
f i b e r s ,   i f   a n y ,   d u e   t o   t h e   c o a t i n g   p r o c e s s  

e demons t r a t e   t he   ab i l i t y   o f  aluminum t o  w e t  the   carb ide   sur faces ,   in -  
c luding   the   sur faces   o f   carb ide-coa ted   graphi te ,   and   eva lua te   the   e f -  
fec t iveness   o f   carb ide   coa ts   on   carbon as d i f f u s i o n   b a r r i e r s   t o   p r e v e n t  
the  formation of A14C3 

e develop a technique   for ,   and   per form  l iqu id  A 1  i n f i l t r a t i o n  on small 
samples  of  carbide-coated  yarn 

e d e t e r m i n e   t e n s i l e   s t r e n g t h ,  elastic modulus  and mode of f r a c t u r e  of Al- 
i n f i l t r a t ed   ca rb3de -coa ted   ya rns .  



Signi f icant   p rogress   has   been  made toward   ach iev ing   these   ob jec t ives .   Dur ing   the  
f i r s t   p a r t  of t he   p rog ram, l   t h in ,  smooth,  continuous Z r C  c o a t s  were uniformly 
depos i ted   on   ind iv idua l   f ibers   th roughout   carbon  f iber   tows   us ing  CVD. Wet chem- 
' i c a l  methods were a lso   used   to   p roduce  Tic coa ts ,   bu t   wi th   on ly   margina l   success .  
The w e t t a b i l i t y  of Z r C  and Tic sur faces   wi th   a luminum-al loys  was success fu l ly  
demonstrated,  and i n i t i a l   a t t e m p t s   t o   i n f i l t r a t e  ZrC-coated g r a p h i t e   f i b e r s   w i t h  
aluminum  looked  promising. 

I n   t h i s   r e p o r t   t h e   r e s u l t s   o f   t h e   s e c o n d   p a r t   o f   t h e   p r o g r a m  are given.  Thin,  
smooth,  continuous  coats  of Tic were un i fo rmly   depos i t ed   on   t he   i nd iv idua l   f i be r s  
th roughout   g raphi te   tows   us ing   essent ia l ly   the  same ba tch  CVD process  as t ha t   u sed  
to   p roduce   t he  Z r C  coats  above.  Strength  measurements on t h e s e  materials showed 
tha t   s t r eng th   can   be   i nc reased  by the   p resence   o f   th in  Tic c o a t s  on  carbon  f ibers .  
Attempts were made t o  improve  the  coats  produced by wet chemical  methods,  but  with 
l i t t l e  improvement over  those  produced ear l ier .  Further   experiments  were performed 
i n  which t h e   w e t t a b i l i t y   o f  Tic and Z r C  c o a t s  on g r a p h i t e  w a s  demonstrated.  Nu- 
merous attempts  have  been made t o   i n f i l t r a t e   c a r b i d e - c o a t e d   f i b e r s   w i t h  aluminum 
a l loys ,   us ing   a tmospher ic   p ressure ,   bu t   wi th  l i t t l e  success .  However, a pressure-  
i n f i l t r a t i o n  method has   been  used,   and  offers  a p romis ing   a l t e rna t ive .  

EXPERIMENTAL 

Materials 

Fibers.-The  following  commercial   carbon  f ibers were obta ined   f rom  the i r  res- 
pec t ive   manufac turers   for   use   in   coa t ing   exper iments :   Hi t ron  401 from H I T C O ,  
Thornel 50 from  Union  Carbide  Corporation,  and HMS from  Hercules.   Properties 
and c h a r a c t e r i s t i c s   o f   t h e s e   f i b e r s  were discussed  previous1y. l  

Coat ing  I4ater ia ls . -For   the CVD experiments,commercial   grade,   purified T i C 1 4  
w a s  used.  For  the w e t  chemical  coatings,  tetramethylammonium metalates of T i ,  
Nb, and T a  were used i n  aqueous  solut ions  with  dextrose.  The T i  and Nb s o l u t i o n s  
contained 0.105 kg  of metal and 0.110 kg  of   dextrose  per  l i ter ;  t h e  T a  s o l u t i o n  
contained 0.102 kg T a  and  0.116  kg  dextrose  per l i t e r .  (Preparat ion  of   the  solu-  
t i o n s  i s  d e s c r i b e d   i n   r e f e r e n c e  1.) 

Aluminum Alloys.-Three  aluminum a l l o y s  were used f o r   w e t t i n g  and i n f i l t r a -  
t ion   exper iments .  Two of t hese  were the   s tandard   commerc ia l   a l loys ,  1100 and 
6061,  and  one  was a LASL-produced A1-13  w t  % S i   a l l o y .  Chemical  compositions 
are l i s t e d   i n   T a b l e  I. 

Fiber  Coating  Experiments 

Two approaches were t aken   fo r   p roduc ing   r e f r ac to ry  metal ca rb ide   coa t ings  
on  carbon  f ibers .  The f i r s t  w a s  chemical   vapor   deposi t ion  using a r e f r a c t o r y  
metal h a l i d e  as t h e   p r i n c i p a l   c o n s t i t u e n t   o f   t h e   c o a t i n g   g a s .  The o the r  was t o  
d i p - c o a t   t h e   f i b e r s   i n  a metal-bear ing  aqueous  solut ion,   dry i t  i n  a i r ,  then 
conver t   the   coa t   to   carb ide   by   hea t ing  a t  e leva ted   t empera tures .  

2 



TABLE I 

ALrnINUn ALLOYS 

Al lop. 
Composition by' Element (vt%) 

Fe - Si - cu - Zn !!i% - Mn - Cr - T i  other - Al 

a 

1100 " L O b  - 0.2 0.1 " 0.05 - 0.15max rem 

6061 0.7 0.6 0.25  0.25 1.0 0.15 0.25  0.05 0.15- rem 

" 0.18max rem LASL "SI 0.35 13.4 0.40 0.01 2-45 0.40 -- 

a Values for 1100 and 6061 alloys  are nominal handbook values;  those €or the Al-SI 
alloys were determined at LASL. 

Combined Fe and S i .  

Chemical  Vapor  Deposition.-Tic1 w a s  used  to   produce  coats   of  Tic, on car- 
bon f i b e r s .  The vapor   coat ing  apparatus ,   the   processing  procedures ,   and  the chem- 
i s t ry   o f   the   depos i t ion   p rocess   have   been   d i scussed   prev ious ly . l ,2  

4 

Basical ly ,   the   fol lowing  chemical   react ions  control   the   decomposi t ion of 
T i C l  which  leads t o  the  formation  of  Tic coa ts   on   carbon  subs t ra tes :  4 

(1) T i C 1 4  (g) + 2 H2 (g) + C (s) = TiC(s) + 4 HC1 (g) 

(2)  TiC14(g) + CH4(g) = TiC(s) + 4 HCl(g). 

In   equat ionl ,   the   carbon  necessary   for   the   format ion   of   the   meta l   carb ide  is pro- 
vided by the   subs t r a t e   wh ich  i s  t o   b e   c o a t e d .   F o r   t h e   r e a c t i o n   i n   e q u a t i o n   2 ,  
the   carbon is supp l i ed   i n   t he   coa t ing   gas  as methane (CH4). Besides   the  coat ing 
gases ,   an   i ne r t   d i luen t   gas ,   such  as helium is  added,  together  with  excess  hydrogen. 
The depos i t ion   k ine t ics   can   be   var ied  by varying  the  deposi t ion  temperature   and 
the   p ropor t ions   o f   the   gases .  

Forty- three CVD runs  w e r e  made i n  which Tic c o a t s  were deposited  on  Thornel 
50 f i b e r s .   I n   T a b l e  I1 are l i s t e d   t h e   d e p o s i t i o n   c o n d i t i o n s ,   t h e   t h i c k n e s s e s  
and   microscopic   appearances   o f   the   coa ts ,   and   the   t ens i le   b reaking   loads   for   the  
coated  f iber   tows.  The f i r s t   s e v e n   r u n s  (4-8-74 through 4-29-74) w e r e  made mainly 
t o  c o a t  new c a r b o n   f i x t u r e s   i n   t h e  CVD apparatus   with Tic. Therefore ,   the   carb ide  
coa ts   depos i ted  on f i b e r s   i n c l u d e d   i n   t h e s e   r u n s  are n o t   i n d i c a t i v e   o f   t h e   c o a t i n g  
condi t ions   used .   Because   o f   f luc tua t ions   in   the   t empera ture  of the  Tic14  evapor- 
a tor , '  i t  w a s  n o t   a l w a y s   p o s s i b l e   t o   c o n t r o l   t h e   d e l i v e r y  rate o f   t he  T i C 1 4  ( see  
Table 11). However, a s  w i l l  be shown below,  coating  gas  delivery rate was f a r  
less important   than-thedeposi t ion  temperature ,   which w a s  var ied   f rom1023  to   1973 K,  
and t h e  t i m e  which w a s  var ied  f rom 5 t o  60 min.  Both  types  of  deposit ion  reactions 
were used, as runs were made both  with  and  without CH4 i n   t h e   c o a t i n g   g a s .  

3 



1123 K 1223 K 1323 K 
Fig. la. SEM speciman  images  (top row) and T i  x-ray  images  (bottom  row) of Thomel  50 f i b e r s  CVD-coated 

w i t h  Tic f o r  60 min a t  1123 K (run 6-27-74) 1 2 2 3  K ( run  6-17-74) and 1323 K ( run  6-19-74). 
Coat ing   gases   conta ined   no  CH 

4' 



1473 K 1723  K 1973 K 

Fig. lb. SEM specimen  images  (top row) and T i  x-ray  images  (bottom row) of Thornel   50  f ibers  CVD-coated 
wi th  Tic for 60  min a t  1473 K ( run  5-'6-74), 1 7 2 3  K ( run  5-10-74), and  1973 K ( run 5-16-74). 
Coating  gases  contained  no CH 4' 



TABLE I1 

PROCESS COHDITIONS ANI) KESULTS FOR CARBON FIBER" TIC-COATlNG RUNS 

Run No. (K) 
Temp. 

4- 0-74 1673 

4- 9-74 1673 

4-10-74 1673 

4-15-74 1723 

4-17-74 1573 

4-18-74 1 5 7 3  

4-29-74 1573 

4-30-74 1473 

5- .  1-74 1373 

5- 2-74 1173 

5- 3 7 4  1273 

5- 6-74 1473 

5-10-74 1723 

5-13-74 1973 

5-14-74 1023 

5-16-74 1973 

5-17-74 1673 

5-20-74 1473 

5-21-74 1273 

5-22-74 1373 

5-23-74 1273 

5-26-74 1473 

5-29-74 1973 

5-30-74 1573 

5-11-74 1773 

6- 4-74 1273 

6- 5-74 1273 

6- 6-74 1273 

6-11-74 1223 

6-17-74 1223 

6-18-74 1223 

6-19-74 1323 

6-20-74 1323 

6-21-74 1323 

6-24-74 1273 

6-25-74 1273 

6-26-74 1273 

6-27-74 1123 

7-10-74 1243 

7-15-74 1223 

7-16-74 1273 

7-17-74 1023 

7-18-74 1073 

Depos i t ion :  
Time 

(min.)  

30 

30 

60 

60 

60 

60 

60 

60 

60 

60 

60 

60 

60 

60 

60 

60 

60 

60 

60 

60 

60 

15 
30 

60 

60 

15 
60 

5 

5 

60 

15 

60 

15 

5 

60 

1 5  

5 

60 

60 

60 

1 5  

60 

60 

C o a t i n g  Casb  Flou 
RnLe. STF' ( t / m i n l  
- TlCl4 CH. 

C 

C 

0.09 

0 .09  

0.18 
0.32  

0 .25  

0 .19  

0.26 

0 .27  

0.27 

0 . 2 0  

0.24 

0.27 

0 .23  

0 . 3 1  

0 .24  

0.27 

0.20 

0.22 

0 . 2 1  

0.31 

0.30 

0.25 

0.27 

0.24 

0.30 

0 . 2 1  

0 .29  

0 . 3 3  

0.31 

0 . 4 1  
0.26 

0.38 

0.36 

0.36 
0.36  

0.26 

0.31 

0.26 

0.26 

0.30 

0.32 

0 

0 

0 

0 

0 
0.15 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0.05 

0.05 

0.05 

0.05 
0.25 

0.25 

0 
0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0.05 

0.05 

0.05 

0 

0 

0 

0 

0 

0 

Appenrnnce 
Tov V i s u a l  

F r i a b l e  

F l e x i b l e  

F l e x i b l e  

F r i n b l e  

F l e x i b l e  

F l e x i b l e  

F l e x i b l e  

F r i a b l e  

F r i a b l e  

F l e x i b l e  

F l e x i b l e  

F r i a b l e  

F r i a b l e  

F r i a b l e  

F l e x i b l e  

F r i a b l e  

F r i a b l e  

F r i a b l e  

F l e x i b l e  

F l e x i b l e  
F l e x i b l e  

F r i a b l e  

F r i a b l e  

F r i a b l e  

F r i a b l e  

F l e x i b l e  

F l e x i b l e  

F l e x i b l e  

F l e x i b l e  

F l e x i b l e  

F l e x i b l e  

F r i a b l e  
F l e x i b l e  

F l e x i b l e  

F l e x i b l e  

F l e x i b l e  

F l e x i b l e  

F l e x i b l e  

F l e x i b l e  

F l e x i b l e  

F l e x i b l e  

F l e x i b l e  

F l e x i b l e  

TIC  Cont   Tensi le   Brcak 
mea. thk.  Load (N) 

(m) Hicroscopic   Appearance  " Load  Std. Dev. 

Nodules .   whiskers ,   mos t ly   un i f  

Few nodules .  otherwise u n i f  

TIC o c c l u s i o n s .   m o s t l y   u n i f  

Uany n o d u l e s   t o  emooth 

Few nodu les ,   mos t ly   un i f  

Nodules 

U o t t l e d  

0.3 Uniform,  smooth 

0.07  Smooth,  non-uniform  thru tow 

0 . 1  Smooth.  non-uniform t h r u   t o u  

0.6 Usny nodules ,   rough 

Many s m a l l   c r y s t a l s .   v e l d s  

Smal l   nodules .  many uncoated  

L a r g e   c r y s t a l s ,  many welds  

Uniform, many v e l d s  

Uniform. many welds  

Few n o d u l e s   t o   s m o t h  

Hon-uniform. v e l d s .   n o d u l e s  

Nodules.   non-uniform 

Few nodules ,   mos t ly   smooth  

A l l  c o n v e r t e d   t o  T I C  

b n y   v e l d s ,   s m a l l   c r y s t a l s  

1.3 Uany v e l d s .   s m s l l   c r y s t a l s  

Uniform,  smooth 

Hnny n o d u l e s   t o   s m o o t h  

Rough t o  smooth 

Smooth. u n i f .  few  nodules  

Smooth. u n i f ,   f e u   n o d u l e s  

Smooth, u n i f ,   f e u   n o d u l e s  

Smooth. u n i f .   f e u   n o d u l e s  
Smooth. u n i f .  f e w  n o d u l e s  

Uniform,  smooth 

Uniform, smooth 

Uniform.  smooth 

0.06  Smooth.  unif .   few  nodules 

Uniform, smooth 

U o s t l y   s m a l l   n o d u l e s  

Few n o d u l e s .   m o s t l y   s m o t h  

Nodules .   mott led,  smoth 

4 I h o r n e l  50 two-ply tw. 

bInc luded  5 tlmin. Hz and 10 

% - t a b l e   t o   d e t e r m l n e   b e c a m e  

d ~ h c s e  v a l u e s   n o t   i n d i c a t i v e  

6 
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In Fig. 1 a  typical  series  of SEM photomicrographs  is  shown,  illustrating 
the  change  in  Tic  coat  morphology  as  a  function  of  deposition  temperature.  The 
deposition  time  was 60 min  and  the  temperature  range was1123to 1973 K. At  tem- 
peratures  up  to  about  1373 K there  was  little  change  in  surface  morphology.  The 
coats  were  thin,  smooth  and  fairly  uniformly  distributed  throughout  the  tows. 
Above 1373 K, surface  roughness  increased  rap,idly  with  temperature,  and  at 1973 R 
the  coat  consisted,  typically,  of  large  Tic  crystals.  All  the  Tic  coats  shown 
were  produced  with  a  coating  gas  that  did  not  contain  CH4.  However,  examination 
of  samples  produced  with  CH4  showed  them  to  have  essentially  the  same  coat  mor- 
phology  for  a  given  coating  temperature  and  time. 

In most  cases  the  coats  were  too  thin  to  be  observed  by  optical  microscopy. 
Therefore,  thicknesses  were  determined  on  selected  samples  (Table 11) by SEM on 
cross-sections  of  epoxy-mounted  fiber  samples.  Figure 2 gives SEM photomicrographs 
of  two  typical  examples  of  thin  Tic  coats  prepared  in  this way, 

Figure 3 shows  a  curve  of  tensile  breaking  load  vs  coating  temperature  of 
fibers  coated  with  Tic  for  a  deposition  time  of 60 min, It  includes  data  for 
samples  whose  coats  were  produced  both  with  and  without  CH4  in  the  coating  gas. 
The  testing  method  was  as  follows: (1) a  small  piece  of  masking  tape  was  folded 
over  a  section  near  each  end  of  the  sample  of  coated  fiber  tow, (2) the  taped 
ends  were  clamped  between  flat  parallel  grips  on  an  Instron  tester, ( 3 )  the 
sample  was  pulled  to  failure.  At  least  five  samples of each  tow  were  tested. 

(a)  (b) 

Fig. 2.  Typical  thin  Tic  coats 01; Thornel 50 fibers  examined  by SF3 on  polished 
cross-sections  of  epoxy-mounted  samples. (a) Run  7-16-74, (b) Run 
7-10-74. 
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1 
Coating gas 
TiCI, 

0 TiCI4+ CH4 

Coating Temperoture(K) 

Fig. 3. Tensile breaking  load vs deposition  temperature for Thornel 50 fibers 
CVD-coated with Tic. Values are for coats  produced both  with and with- 
out CH4 i n  the coating gas. Deposition time was 60 min. 

8 



TABLE I11 To e v a l u a t e  the e f f e c t   o f  tem- 

TENSILE BREAKING LOAD OF  UNCOATED 
pera ture ,   a lone ,   on   the   s t rength   o f  
the  Thornel  50  tow, several uncoated 

THORNEL 50 TOW v s  TEMPERATURE samples w e r e  heated a t  var ious  tem-  
p e r a t u r e s   i n   t h e  CVD apparatus  with- 

" 

Breaking Loada (N) 
Temp. (K) Mean S td .  dev. 

ou t   T ic14   in   the   coa t ing   gas .  The 
breaking   loads  f o r  t h e s e   c o n t r o l  
samples , g iven   i n   Tab le  111, appear 

- 

1023  10.34 2.25 t o  change l i t t l e  with  temperature.  

109 8 12.00 1.51 

1173  10.98 1.64  Thornel  50  and  appears i n  Fig. 3 as a 

1323  10.66 1.31 

1673  12.62 2.05 Figure 3 shows t h a t   t h e   s t r e n g t h  

Therefore ,   the   average  of   these  values  
w a s  used as the   con t ro l   fo r   uncoa ted  

h o r i z o n t a l   l i n e .  

of   Tic-coated  f ibers   increases   with 
increas ing   tempera ture  up to   1173 K 

a A t  'Xeast 18 samples  of  each tow were 
t e s t e d .  

then   drops   rap id ly   to   near ly   ins igni -  
f i c a n t   v a l u e s  a t  about  1473 K. This 
behavior  does  not seem t o   b e   i n f l u -  
enced  by  the  presence  of CH4 i n   t h e  

c o a t i n g   g a s ,   o r   b y   t h e   v a r i a t i o n s   i n   d e l i v e r y   r a t e   o f  T i C 1 4  (Table 11) during 
coating.  Apparently,   the  temperature  dependence is s o  g r e a t   t h a t  i t  t ends   t o  
mask t h e   e f f e c t s   o f   v a r i a t i o n s   i n   t h e s e   c o a t i n g   p r o c e s s   v a r i a b l e s .  A s  w i l l  b e  
shown below,  however,  strength is a l s o  a funct ion  of   deposi t ion t i m e .  

Figure 3 shows t h a t   t h e   s t r e n g t h  of carbon  f ibers   can  be  enhanced  by  the 
app l i ca t ion   o f   ca rb ide   su r f ace   coa t s .  However, i t  has   no t   ye t   been   demonst ra ted  
tha t   coa t s   p roduced   unde r   t hese   pa r t i cu la r   cond i t ions  w i l l  b e   t h i c k  enough t o  act  
as e f f ec t ive   d i f fus ion   ba r r i e r s   t o   p reven t   r eac t ion   be tween   ca rbon   and  aluminum. 

The e f f e c t   o f   c o a t i n g  t i m e  on t h e  morphology  of Tic coa ts  is shown i n   t h e  
SEM photomicrographs  of  Fig. 4 for   samples  of Thornel  50 tow coated a t  1273 K. 
This f igure   inc ludes   samples   p roduced   bo thwi th   and   wi thout  CH4 i n   t h e   c o a t i n g  
gas .   In   gene ra l ,   t he   coa t s  were smooth  and  uniform,  and  did  not  appear  to  change 
apprec iab ly   w i th in  the range  of  coating times used o r  wi th   the   p resence  of CH 4' 

Figure 5 shows how s t rength   o f   T ic-coa ted   f ibers   var ied   wi th   coa t ing  time 
f o r   t h r e e   d i f f e r e n t   d e p o s i t i o n   t e m p e r a t u r e s .  The da ta   g iven  are taken  from 
Table I1 and  include  those  for   samples   coated  both  with  and  without  cH4 i n   t h e  
coat ing  gas .  Some of   the   po in ts   represent   the   average   s t rengths   o f   samples   f rom 
as many as f i v e  similar coat ing  runs.   For   the  1223 K coat ing  temperature ,  
s t rength   passes   th rough a max imum a t  coa t ing  t i m e  of  15  min. Above 15  min, 
s t r eng th   d ropped   s ign i f i can t ly ,   poss ib ly   because   o f   de t e r io ra t ion   o f   t he   f i be r  
subs t r a t e   o r   t he   deve lopmen t  of n o t c h   s e n s i t i v i t y   i n  the Tic coat .  The curves 
f o r   t h e  two other  coating  temperatures,   1273  and  1323 K, may a l s o  pass  through 
m a x i m a ,  bu t   p robably  a t  coa t ing  times much less than  15 min. 

Wet Chemical Coating.-An alternative t o  CVD c o a t i n g  is a w e t  chemical  coating 
method.l 1t':uses quaternary ammonium metalates which .a re  water so luble   and  w i l l  
decompose a t  r ed   hea t   t o   p roduce  metal oxides.  When hea ted  a t  e leva ted  temper- 
a t u r e   t h e s e   o x i d e s  w i l l  c o n v e r t   t o   c a r b i d e s   i f   c a r b o n  is present .  The carbon  can 
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5 min. 15 min. 60 min. 

Fig.  4a. SEM specimen  images  (top row) and T i  x-ray  images  (bottom row) of  Thornel 50 f i b e r s  CVD-coated 
wi th  Tic a t  1273 K f o r  5 min (run 6-6-74), 15 min (run 7-16-74), and 60  min (run 6-5-74). Coat- 
ing  gases  contained  no CHq. 



- 

5 min.  15 min.  60  min. 

Fig. 4b. SEM specimen  images  (top row) and T i  x-ray  images  (bottom row) of Thorne l   50   f ibers  CVD-coated 

P 
with  Tic a t  1 2 7 3  K f o r  5  min (run  6-26-74), 15 min (run 6-25-74) and  60  min  (run 5-21-74). 

P Coating  gases  contained 0.05 R/min CH 4' 

\ 
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5 15 30 60 

Coating Time ( m i d  
Fig. 5. Tensi le   breaking  load vs t i m e  a t  1223,  1273  and  1323 K f o r  Thor- 

ne1  50 f i b e r s  CVD-coated w i t h  Tic. Values are f o r   c o a t s  pro- 
duced  both  with and without  CH4 i n   t h e   c o a t i n g   g a s .  
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be  provided by t h e   f i b e r   o r  by dextrose,   which is a l s o  w a t e r  so luble .  The chem- 
i ca l  equat ions  are roughly: 

(3) R4NOH + 2M(OR)m -+ (R4N)+  (M20nH)- , 

( 4 )  (RiN)+ (M20nH)- + WC6H120fj hsa  t R3N(gas) + xC02 + yH20 + M20m + ZC , 

(5) M20, + zC -+ MC + C02, 

where R is an   o rgan ic   r ad ica l   and  M is a metal. Such metalates are i l l - d e f i n e d ,  
however,  and t h e  amount of dextrose  needed  to   supply a l l  the  carbon  must   be de- 
termined  experimentally.   Excess  carbon w i l l  r e s u l t   i n  a c a r b i d e   d i s p e r s e d   i n  a 
carbon matrix whi le   too  l i t t l e  carbon w i l l  c ause   t he  metal t o   c o n v e r t   f i b e r  car- 
bon t o   c a r b i d e .   D e s p i t e   t h e s e   d i f f i c u l t i e s ,   e n c o u r a g i n g   r e s u l c s  w e r e  achieved 
earlier' w i th   t h i s   sys t em.   The re fo re ,   fu r the r   a t t empt s  were made to   produce 
c o a t s  by w e t  chemical  methods. 

Samples  of HMS ca rbon   f i be r s  were dip-coated  in   aqueous  solut ions  of  dex- 
t ro se   con ta in ing  T i ,  Nb o r  Ta.  Each  sample w a s  g iven   t h ree   d ip   cyc le s  as fol lows:  
(1) dipped in   t he   so lu t ion ,   (2 )   f i nge r   squeegeed   be tween  two l a y e r s   o f   t h i n  
latex rubber ,   (3)   d r ied  a t  398K f o r  15 min i n  a i r .  A f t e r   t h e   t h r e e   d i p   c y c l e s ,  
the  samples  were hea ted   t o   1973  K i n  helium. The on ly   d i f f e rence   be tween   t h i s  
procedure  and  that   used  previously1 is the   f inger -squeegee ing   s tep .  The t y p i c a l  
appearance of f i b e r s   c o a t e d   i n   t h i s  way is  i l l u s t r a t e d   i n   t h e  SEM photomicrographs 
of  Fig.   6.   These  coats are jus t   s l i gh t ly   be t t e r   t han   t hose   p roduced   p rev ious ly  
by w e t  coa t ing   methods , l   bu t  are st i l l  n o t  as un i fo rmly   d i s t r ibu ted  as a r e   t h o s e  
producedby  chemical  vapor  deposit ion.  

Thermal-Cycling of ZrC-Coated F ibers . -Because   o f   the   d i f fe rence   in   the  co- 
eff   ic ien- ts   of   thermal   expansion  between a f i b e r  and i t s  ca rb ide   coa t ,  damage t o  
t h e   c o a t   o r   t h e   f i b e r   s u r f a c e  may occur   during  thermal   cycl ing,  To e v a l u a t e   t h i s  
p o s s i b i l i t y  a series of  thermal  cycling  experiments w a s  made i n  which  samples  of 
Thornel 50 and HMS f i b e r s ,  ZrC-coated in   run  12-7,   descr ibed  previously, '  were 
heated  from room tempera ture   to   1023 K a t  Pa.  The heat-up t i m e  w a s  approx- 
imately 11 min and  cool-down took 65 min.  For up t o   f i v e   c y c l e s ,  no damage oc- 
c u r r e d   t o   t h e   c o a t s  on  any  of t h e   f i b e r s  examined.  Figure 7 shows SEM photomicro- 
graphs  of   typical   samples   of   the   ZrC-coated HMS f ibers   before   any   thermal   cyc l ing  
(F ig .   7a)   and   a f te r   f ive   cyc les (Fig .   7b) .  

" .  . 

WETTING  EXPERIMENTS 

Previously,  Z r C  s u r f a c e s  w e r e  success fu l ly   we t t ed   w i th  aluminum a l l o y s   u s i n g  
t h e   f i x t u r e  shown i n   F i g .  8. The f i x t u r e  w a s  made from  graphi te  and is used as 
fol lows.   With  the  sample  and  a l loy  located as shown, t h e   f i x t u r e  is  p l a c e d   i n  
a ve r t i ca l ly -o r i en ted ,   qua r t z - tube ,  vacuum furnace.  The furnace is hea ted   r ap id ly  
t o  a temperature   above  the  mel t ing  point   of   the   a l loy,  a t  a p r e s s u r e  of 1 x 
Pa. The plunger  is then   pushed   in to   the   ex t ruder   caus ing  a stream of   f resh ,  
molten metal t o   b e   d i r e c t e d   o n t o   t h e   c a r b i d e   s u r f a c e .  Several a d d i t i o n a l   r u n s  
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Fig. 6. SEM photomicrographs of  HMS fibers  wet-chemical-dipped  three times i n  
Nb so lu t ion ,   d r ied   be tween  each   d ip  a t  398 K,  and   f i na l ly   hea t ed   t o  
1973 K. (a) Specimen  image,  and  (b) Nb x-ray  image. 

I' 

2 VLYt 

Fig. 

(a)  (b) 
7 .  SEM photomicrographs of HMS f i b e r  CVD-coated wi th  ZrC showing  the 

absence of coat  damage resul t ing  f rom  thermal   cycl ing  between 293 
and 1023 K. (a)  No thermal  cycling,  and (b) Five  cycles .  
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Fig. 8. Schematic  of  fixture  for  wetting  refractory  metal  surfaces  with  fresh 
molten  aluminum  alloys. 

were  made  with  this  fixture,  in  which  samples  of  ZrC-  and  Tic-coated  POCO  HPD-1 
graphite  were  wetted  with  the  three  aluminum  alloys  listed  in  Table  I.  Micro- 
scopic  examination  of  the  alloy-carbide  interfaces  of  these  samples  showed  good 
wetting.  A  photomicrograph  of  a  ZrC-coated  graphite  sample  wetted  with  A1-13X  Si 
alloy  is  shown  in  Fig.  9a. 

DIFFUSION  BARRIER  EXPERIMENTS 

To  evaluate  the  effectiveness  of  a  ZrC  coat as a  diffusion  barrier  to  pre- 
vent  reaction  between  aluminum  and  carbon,  the  Al-wetted,ZrC-coated  graphite 
samples,  described  above  in  "WZTTING  EXPERIMENTS, I f  were  heated  in  vacuum  Pa) 
under  various  conditions o€ time  and  temperature. In Table  IV  the  heat-treatment 
conditions  are  summarized  together  with  the  diffusion  couple  compositions.  For 
comparison,  samples  of  uncoated  Thornel 50 fiber  tow,  infiitrated  with  A1-13%  Si 
by  Fiber  Materials,  Incorporated,  were  included in two  of  the  experiments. In 
experiment AD-1 (Table IV), the  heat-treatment  temperature  was  held  at  approx- 
imately  45 K below  the  alloy  solidus  for 100 h, and no reaction  appeared  to 
occur  at  the  alloy-ZrC  interface,  as  shown  in  Fig.  9b.  For  experiment  AD-3, 
similar  materials  were  held  at  approximately  105 K above  the  solidus  of  the 
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Fig. 9. Optical   photomicrographs of t y p i c a l  ZrC-coated g raph i t e s   we t t ed   w i th  
aluminum a l l o y s ,   i l l u s t r a t i n g   t h e   e f f e c t  of hea t - t rea tment   on   the  
A l / Z r C  i n t e r f a c e .   ( a )  No heat- t reatment ,   (b)  100 hours  a t  45 K be- 
low t h e   a l l o y   s o l i d u s  (848  K) , (c) 112  hours a t  105 K above  the 
a l l o y   s o l i d u s  (848 K ) ,  (d) 150 hours  a t  13 K be low  the   a l loy   so l idus  
(916 K ) .  

16 



TABLE I V  

DIFFUSION BARRIER EXPERIMENTS 

Alloy  Alloy Heat Treatment 
Diffusion  Couple  Wetting  Solidua T h e  Temp 

EKP' t (AlloyISubstrate) ". Temp. (K) (h) a Resulto 

AD-1 Al-13XSilZrC-coated g r a   h i t c  963 843-848a 100 803 No Reaction 
Al-13XIThornel 50 (FHI) " " 100 803 No Reaction E 

AD-2 1100  AlIZrC-coated graphite  1008 916c 150 903 Reaction 

AD-3 Al-13XSilZrC-coated graphi te   963 a43-84ap 112  953  Reaction 
1100  AlIZrC-coated graphite  1008 916' 112 95.3 Reaction 
6061  AlIZrC-coated g raph i t e  998 855' 
Al-13ZSilThornel 50 (FHI)b 

112  953  Reaction - " 112  953  Reaction 

8 Determined by thermal arrest on heat ing   dur ing   in f i l t ra t ion   exper iments .  

Uncgated  Thornel 50 f i b e r   i n f i l t r a t e d   v i t h  Al-13XSi a l l o y  by Fiber  Materials,   Incorporated.  

From Metals' Handbook, 8th  Edi t ion,  Vol. 1 (1961). 
C 

A1-13%  Si  alloy,  and  extensive  reaction  occurred  at  the  interface.  This  is  shown 
in  Fig.  9c  by  the  presence  of a dark  phase  together  with  some  blocky  material. 
As  shown  in  Fig. 9d, it was not  necessary  to  exceed  the  solidus  temperature  to 
produce  reaction.  Here,  the  ZrC-coated  graphite,  wetted  with 1100 A1 alloy,  was 
held 150 h at 13 K below  the  solidus . Reaction  obviously  took  place,  as  evi- 
denced  by  the  presence  of a dark  speckled  material  at  the  alloy-carbide  interface. 

INFILTRATION  EXPERIMENTS 

Nearly  fifty  unsuccessful  attempts  were  made  to  infiltrate  carbide-coated 
fibers  with  aluminum  using  a  pressure  of  75.8kPa(1atm)  and  a  method  described 
previous1y.l  Figure 10 gives  an  example  of  a  typical  attempt  to  infiltrate  ZrC- 
coated  Thornel 50 with 6061 aluminum  alloy  at  this  pressure.  There  was  essentially 
no  penetration  of  the  yarn  tow,  although  wetting  on  the  outer  fibers  occurred. 

To  overcome  this  problem,  an  apparatus  for  ressure-infiltration  was  con- 
structed,  based  on  a  design  descrj-bed  by BankerY3 and  shown  schematically  in  Fig, 
11. The  apparatus  is  desigced so that  the  casting  and  melting  crucibles  can  be 
pressurized  or  evacuated  independently.  The  infiltration  procedure  is  as  fol- 
lows.  The  apparatus  is  placed in a  vertically-oriented,  resistance-heated,  tube 
furnace.  The  melting  and  casting  crucibles  are  both  evacuated  to a vacuum  of 
about 1 Pa, and  the  infiltrant  alloy  is  melted.  The  bottom of the  melting  cru- 
cible is punctured  with  the  spear  and  the  alloy  flows  into  the  casting  mold  con- 
taining the.carbon fibers.  The  apparatus  is  pressurized  with  argon  to  pressures 
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Fig. 10. Optical  photomicrograph 
showing  lack  of   penetrat ion 
of  ZrC-coated  Thornel  50 tow 
by  aluminum a l l o y  a t  75.8 "a. 

CONCLUSIONS 

up to   0 .35  MPa, h e l d   f o r  up t o   1 5  
min, then  a l lowed  to   cool   under  
p r e s s u r e  to room temperature.  
The mold material is removed  from 
the   i n f i l t r a t ed   s amples   by  ma- 
chining. 

Seve ra l   p re s su re - in f i l t r a -  
t ions  have  been made w i t h   t h i s  
apparatus  and  have shown some im-  
provement  over  those  done a t  one 
atmosphere.  But, as shown i n  
Fig. 1 2 ,  pene t ra t ion   o f   the  alun- 
inum a l loy   i n to   t he   ca rb ide -  
c o a t e d   f i b e r  tow is s t i l l  poor. 
However, wherever   the   a l loy  comes 
i n t o   c o n t a c t   w i t h  -th-e carb ide  
coa t   t he   we t t ing  is good. Fof '  
uncoated   f ibers  , e s s e n t i a l l y  no 
wet t ing  occurs   (Fig.   12b) .  

1. 

2. 

3. 

4 .  

18 

Chemical  vapor  deposition was used to produce  smooth,  uniform  coats  of 
Tic on individual   f ibers   throughout   graphi te   tows.   Strength  measurements  
on these  materials showed tha t   s t r eng th   can   be   i nc reased  by the   p resence  
of t h i n   c o a t s  on t h e   f i b e r s .  

Surfaces   of   Tic-coated  graphi te  were success fu l ly   we t t ed   w i th  aluminum 
a l l o y s .  

Experiments were per formed  to   eva lua te   the   e f fec t iveness   o f   carb ide   coa ts  
on g r a p h i t e  as b a r r i e r s   t o   p r e v e n t   r e a c t i o n   b e t w e e n  aluminum a l loys   and  
carbon. I n i t i a l   r e s u l t s   i n d i c a t e   t h a t   c o m p o s i t e s  of aluminum and  carbide- 
coa ted   g raphi te  are s t a b l e   f o r   l o n g   p e r i o d s  of time a t ,  temperatures up t o  
803 K, o r   about  40 K below  the A1-13% S i  a l l o y   s o l i d u s .  

I n f i l t r a t i o n  of Tic- and  ZrC-coated f i b e r  tows w i t h  aluminum a l l o y s  w a s  
attempted a t  pressures  up t o  0 . 3 4  MPa. A t  low pres su res ,   on ly   t he   ou te r  
f i b e r s  of a coated tow were wet ted   wi th   a l loy .  A t  t h e   h i g h e r p r e s s u r e s  
some penet ra t ion   o f   the  tow occurred,   but  w a s  s t i l l  f a r  from  complete. 

" ..- . . . .." " .. .. . ... . " ". - . .. - .. . . . .. 
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Fig. 11. Schemat ic   o f   p ressure- inf i l t ra t ion   appara tus .  

Fig. 12.  Optical   photomicrographs  of  samples  of  Thornel 50 tow r u n   i n   p r e s -  
s u r e - i n f i l t r a t i o n   a p p a r a t u s   w i t h  A1-13% S i  a l l o y  a t  0.34 MPa and 
948 K (a)   Tic-coated  f ibers .   (b)   Uncoated  f ibers .  
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